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A novel design of direct-injection diesel engine combustion system is outlined. Preliminary calculations 
indicate that the system has the potential to adequately distribute thefuel spray over the piston bowl. The 
spray is distributed away from the bowl wall and thus provides the potential for good vaporization and 
mixing with air. This may be possible without resorting to swirling thejlow. If so, substantial efficiency 
gains would be made over conventional highly swirled systems. 
An analysis of the size of the pip upon which the spray is impacted has led to the identification of the 
optimum pip size. This is based on the Sauter mean diameter of the spray and the volume occupied by the 
spray. 
Comparisons made with one experiment indicate that the present impaction submodel deals well with 
the momentum and energy losses on impaction. However, subsequent spray motion is not wellpredicted 
in terms of the penetration rate. Areas for further research are identified. 
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Introduction 
In direct-injection diesel engines the fuel sprays, usu- 
ally four or more, are injected across the combustion 
chamber, down at a small angle into a bowl in the piston 
head. These may impact onto the piston bowl wall if the 
injection pressure is high and the chamber is small. The 
gas flow will be swirled by the air intake system in order 
to mix the fuel drops, fuel vapor, and air. In modern 
engines the bowl is usually of an omega shape with a 
central pip. This pip is introduced for two reasons. 
First, it restricts the volume available to the swirling 
flow as it is squished into the bowl during the compres- 
sion stroke. This allows the momentum of the air to be 
fully utilized in breaking up the fuel sprays. Second it 
removes a volume into which it is difficult to get fuel 
vapor. 
In the past spray impaction on solid surfaces has 
been regarded generally as an undesirable phenomenon 
because of fuel deposition on the walls, which may be 
difficult to vaporize and mix with the air, resulting in 
soot formation. However, a number of combustion 
systems have been developed recently that deliberately 
employ wall impaction as a means of breaking up the 
fuel spray and/or directing it in a desired direction. 
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A typical feature of the latter type of chamber is a 
specially shaped cutout in the piston bowl wall that 
directs the spray back away from the wall, usually down 
into the bowl space. Other types have used the central 
pip in the bowl by cutting off the top, and then directing 
the spray onto the flat land thereby created. Examples 
of this latter type are discussed by Kroeger’ and Kato 
and Onishi.’ In the first case the central spray directed 
straight down onto the land is supplemented by nine 
other sprays directed radially across the chamber in a 
normal manner. The idea is to provide fuel for the 
central part of the chamber, which is often inadequately 
supplied by the conventional system. In the example of 
Kato and Onishi only the one fuel spray is used. The 
resulting spray does not fill the chamber but is designed 
for a stratified charge spark ignition engine. 
A further type of geometry that does not appear to 
have been considered to date is one in which cutoff pips 
are provided for a number of sprays, directed not only 
straight down into the bowl center but also across and 
down into the bowl in the normal radial direction (see 
Figure I). If sufficient dispersion of the fuel can be 
achieved off each of the pips then it may be possible to 
dispense with, or at least reduce, the swirl of the gas 
flow. This would increase the engine efficiency. 
There are a large number of parameters associated 
with such a novel design that would require evaluation 
for their effects on fuel dispersion. Examples might be 
the number and spacings of the pips, the angle of impac- 
tion on the surface, whether the surface should be flat or 
curved, and the size of the pip surface. In this paper only 
the latter feature is considered. 
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Figure 1. Sketch of cross-section showing proposed bowl ge- 
ometry. 
For any analysis, a model for spray impacting on a 
solid surface is required. The first such model, in the 
context of discrete droplet models for diesel sprays as 
first developed by Ducowicz,3 was that of Naber and 
Reitz.4 They developed a wall spray model in analogy 
with gas jets impinging on a wall. For impaction at a 
large distance from the injector (>200 nozzle diameters) 
this model gave a reasonable description of wall spray 
flows. However, for the engine designs mentioned 
above the land surfaces are more like 20 nozzle diame- 
ters from the injector. Naber et al.s applied thejet model 
of Naber and Reitz4 to such a situation, with the land 
provided by cutting off the central pip of a conventional 
piston bowl shape. The calculations were compared 
with photographs of spray in a constant-volume bomb 
of the same geometry illuminated by pulsed laser light. 
The standard wall impaction model failed completely to 
describe the dispersed nature of the spray once it had 
impacted on the land and then been directed across the 
bowl space. The spray vastly over-penetrated in the 
calculations. Naber et al. tried altering a number of 
numerical features of the calculations to obtain better 
agreement with the data. Reasonable agreement was 
finally obtained. This was primarily due to the imposi- 
tion, for all the impacting drops, of a randomly selected 
normal velocity component. This allowed dispersion to 
take place. Additionally the drops were all shattered at 
impact arbitrarily into drops having a fifth of the original 
diameter. This reduced subsequent penetration as small 
drops have larger drag coefficients than large drops. 
Quite independently, Watkins et al.” developed an 
alternative wall impaction model. This shares many of 
the features of the amended model of Naber et al.s 
However, differences in detail do exist. For example, 
the fate of drops striking a surface depends on the 
approach Weber number. For low values of Weber 
number the drop rebounds from the surface. The veloc- 
ity components after impact depend on the loss of 
kinetic energy and the angle of impaction and rebound 
(kept the same). The energy loss is obtained from an 
expression based on experimental data. For higher ap- 
proach Weber numbers the drop shatters into a large 
number of smaller drops, and these have no normal 
velocity component. Following the stochastic approach 
of the discrete droplet model the sizes of drops after 
impact should be randomly sampled. However, this 
would increase enormously the number of representa- 
tive drops to be calculated. Storage problems may 
result, and certainly computation times would be sub- 
stantially increased. Instead the practice is adopted 
here, as by Naber et al. ,5 that a drop breaks into a large 
number of identically sized drops. Thus the storage and 
central processing unit times are not increased. 
This model has been subjected to considerable veriti- 
cation. Much of the experimental data used for compar- 
ison purposes were obtained in a wind-tunnel test rig at 
UMIST.’ Effects of impaction distance, impaction an- 
gle, cross-flowing gas velocity and turbulence intensity 
have all been investigated.*.“,“.” The main conclusions 
to be drawn from these studies are twofold. First the 
height of the wall spray after impaction is generally 
underpredicted, indicating perhaps that too much ki- 
netic energy is removed by the model and that larger 
normal velocity components after impact are required. 
This is the subject of further investigation. Second the 
penetration of the wall spray along the wall is well 
predicted (to within a few percent). For the applications 
in this paper, the latter phenomenon is the more impor- 
tant because it indicates that the momentum in the spray 
along the wall is being correctly calculated. Here the 
wall is very short (the land radius) so temporal and 
spatial developments of the spray normal to the wall in 
the wall region are severely restricted. 
This model is used here to calculate the spray dis- 
persion caused by impaction on a flat-topped centrally 
located pip in a constant-volume bomb. Particular em- 
phasis is placed on evaluating the effects of pip size on 
the spray. A number of pips of different radii are consid- 
ered, and the distance to the pip surface, or land, from 
the injector is also varied. 
No experimental data are available to verify these 
results. However, the accuracy of the model is further 
examined here by recalculating one of the cases of 
Naber et al.’ 
Mathematical model 
The complete mathematical model used in the computer 
code has been set out in a number of publications. In 
particular, WatkinsI and Khaleghii3 give, in consider- 
able detail, conservation equations for both phases, the 
interactions between the phases, and models for in- 
traphase effects such as drop coalescence and drop 
breakup. Details of the methods used to solve these 
equations are also contained therein. Here therefore 
only a brief outline is given. 
l The gas phase is described by Eulerian conservation 
equations for mass, momentum, energy, and fuel 
vapor mass fraction. The turbulent nature of the flow 
is calculated by solving additional transport equa- 
tions for the turbulent kinetic energy and its dissipa- 
tion rate (the k-6 model). The liquid fuel phase is 
assumed to be fully atomized into spherical drops. 
The motions of the drops are described by 
Lagrangian equations for position and momentum. 
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And the states of the drops are described by 
Lagrangian equations for drop size and energy. 
A stochastic approach is adopted for the liquid phase 
in that calculations are done only for a number of 
representative drops. Each of these drops is held to 
represent many thousands of other drops having the 
same characteristics of position, velocity, size, etc. 
Full two-way interactions between the phases are 
accounted for in terms of drag forces, evaporation, 
etc. 
The gas phase equations are solved by finite-volume 
means. In the discretization process, the Euler 
method is used for temporal advancement, resulting 
in fully implicit equation sets. The hybrid of central 
and upwind differencing due to Spalding14 isused for 
spatial discretization of convection, whereas central 
difference is used for diffusion. 
The Lagrangian equations are discretized in time, 
using the Euler method, to again give implicit equa- 
tions to solve for the drop position, velocity, mass, 
and temperature. 
The velocity-pressure coupling in the gas phase 
momentum equations is handled through the 
noniterative implicit solution scheme PISO.” The 
introduction of a second phase into this solution 
scheme is described by Watkins.” 
Chamber design 
For this initial investigation the movement of the piston 
in a real diesel engine is neglected. Instead a constant- 
volume bomb is considered of diameter 100 mm and 
depth 24 mm. However, to simulate the conditions of a 
diesel engine near the top dead center of compression 
stroke the gas pressure and temperature are set at 15 bar 
and 773 K, respectively. The latter will vary slightly 
during the injection because droplet vaporization 
causes the gas temperature to drop. For all the com- 
puter runs made the same injection conditions were set. 
The injector is of the full-cone pulsed-injector type 
normally associated with diesel engines, but only one 
spray is considered. The injection pressure is held at 143 
bar, the injection hole diameter is 0.3 mm, and injection 
duration is 1.2 ms. 
The piston bowl pip is simulated by a flat-topped 
pillar in the center of the bomb. The fuel spray is 
injected down the center of the bomb and hence 
impacts on the flat top or land of the pip. Two heights of 
the pillar were simulated, 14 mm and 9 mm, giving 
distances from the injector to the land of 10 mm and 
15 mm, respectively. Eight values of pillar radius were 
investigated: 0.62 mm, 0.97 mm, 1.35 mm, 1.75 mm, 
2.17 mm, 3.20 mm, 4.92 mm, and 7.1 mm. 
The flow is assumed to be axisymmetric and the 
computational grid used is shown in Figure 2. The same 
40 x 40 line grid was used for all the calculations to keep 
the number of variables to a minimum. The grid spac- 
ings increase from the injector and from the bomb 
center line for certain distances. Beyond those dis- 
tances a uniform grid is used. The idea is to keep as fine a 
grid as possible in the spray regions. 
Park et al. 
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Figure 2. Computational grid used for pip-size analysis. 
The pip radii given above were chosen so that the 
side wall of the pillar always coincided with a grid line. 
This allowed the computations to be made with as little 
disruption to the code as possible. 
Results and discussion 
The simulation of injection was the same for all the runs 
made. At the injector the spray is assumed fully at- 
omized into a range of drop sizes between 5 and 55 pm. 
The Sauter mean diameter (SMD) is specified as 18 pm. 
The SMD is a measure of the atomization of the spray; it 
is the drop diameter required in a spray of uniform drop 
size to obtain the same volume to surface area ratio. In 
these simulations the coalescence and breakup models 
(apart from wall impaction breakup) were switched off 
to better obtain the geometry effects on the spray. Later 
investigations will include these models. 
Figure 3 shows the spray distributions for 10 of the 16 
cases run at 1 .O ms after the start of injection, and these 
can be compared with the result when there is no pip. It 
is clear that pip radius has a profound effect on the 
spray. For very thin pips only a part of the spray is 
interrupted, and it continues to flow down toward the 
bomb bottom, around the pip. The subsequent wall 
spray penetration is reduced below that for no pip 
because of momentum losses caused by the impact of 
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Figure 3. Spray distributions at 1.0 ms. (a) Pip 10 mm from nozzle. (b) Pip 15 mm from nozzle. 
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some of the drops on the pip. For slightly wider pips, 
around 0.97 mm, the spray on impact divides into two 
distinct parts. Some of the spray still fails to strike the 
pip at all and continues down the side of the pip and 
subsequently strikes the bomb floor near the pip. There 
appears to be some deflection of this spray away from 
the pip due to a gas phase recirculation region formed 
between the spray and the pip wall. The second part of 
the spray is formed by drops that strike the land and 
then move outward across the middle part of the bomb. 
These drops continue to move slowly toward the bomb 
bottom. 
As the size of the pip increases, the former spray 
region diminishes and then disappears completely, 
leaving only the second region. For larger values of pip 
radius, there is no movement of the drops toward the 
bottom of the bomb after impact on the pip. 
It is seen from Figure 3 that the effect of distance to 
the land is not as significant as the pip radius, at least for 
the two conditions examined here. There would appear 
to be more effect if the pip radius were small; the 
separation between the two spray regions diminishes as 
the distance to the land increases, and the spray in the 
second region is more likely to subsequently strike the 
bomb floor. 
Contained in this figure is information on the total 
number of representative drops existing in the flow, 
ND. This varies because of the evaporation of drops. 
Also shown are the sizes DMAX of the largest, and 
DMIN of the smallest drops in the flow at that time. The 
SMD is also shown. There is an effect of pip radius on 
the SMD value. This is because, as the radius increases, 
more of the drops hit the land, and hence more drops are 
broken on impact, reducing the SMD. However, of 
greater significance is the fact that, even for the thinnest 
pip used, the SMD has been reduced threefold from its 
initial value at injection. Only a small part of that reduc- 
tion can be attributed to evaporation. Most is due to 
impaction on the land. 
The corresponding fuel vapor contours are depicted 
in Figure 4. There are clearly major differences in the 
spread of fuel vapor between the cases. It would appear 
that smaller pip radii favor the mixing of fuel vapor with 
the surrounding air. In a conventional diesel engine 
operating at 2000 t-pm, it would be expected that com- 
bustion take place about 1 ms after injection starts. 
Ignition occurs in regions of stoichiometric mixture of 
fuel and air. This requires values of fuel vapor mixture 
fraction of around 0.065. From Figure 4 it can be seen 
that certain areas have achieved this value, particularly 
for smaller pip radii. 
Only some of the cases run have been illustrated 
here. ParkI shows the development in time of all 16 
cases and includes gas phase velocity distributions as 
well, although he used a coarser grid for those calcula- 
tions. 
In an effort to quantify more precisely the effects of 
the pip size on the spray, two parameters are now 
examined in more detail. The first of these is the volume 
over which the spray has dispersed. Figure 5 shows a 
sketch of the spray after impaction. Six lengths A-F are 
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required to evaluate the volume of the dispersed spray, 
which is then given by 
V, = rA(B2 - C2) + &(E2 - p) (1) 
The lengths A-F are taken from the spray distribution 
figures at every 0.2 or 0.3 ms. From equation (1) V, can 
be established. Figures 6 and 7 respectively show the 
variations of V, with pip radius for the two land dis- 
tances from the injector. 
For the smaller distance the maximum value of V, is 
given by a pip radius that varies from 1 .O mm for small 
times after injection up to 1.8 mm for larger times. For 
the greater distance the maximum value moves progres- 
sively from 1.4-mm radius to 1 J-mm radius. For most 
cases the smaller distance gives larger values of VS. 
The dispersed spray volume V, is a fairly crude 
measure of the dispersion of the spray as it treats 
volumes of thick spray and thin spray equally. To give a 
further measure of the spray the SMD is now examined. 
Figures 8 and 9 respectively show the variations of 
SMD with pip radius at the various times for the two 
land distances from the injector. For the smaller dis- 
tance case a pip radius of at least 1.4 mm is required to 
give minimum values of SMD. For the greater distance 
the effect of pip radius on the SMD is less apparent. The 
SMD is a very weak function of pip radius for larger 
radius values. Thus the trend of the SMD values ap- 
pears to lead to the same conclusions on optimum pip 
size as does the spray volume VS. 
The values of SMD after impaction are, of course, 
greatly influenced by the drop sizes chosen at impact. 
This has been done arbitrarily here by dividing the drops 
into drops having one-quarter of the original diameter. 
To assess whether a different choice of drop size after 
impact would make any significant difference to the 
conclusions concerning the optimum pip size, three 
cases were rerun with the impacting drop divided into 
drops having one-third of the original diameter. Thus 27 
drops result from each impact, rather than the 64 drops 
that resulted previously. The cases that were rerun 
were those with the land 10 mm from the injector and 
with pillar radii of 1.35 mm, 1.72 mm, and 3.20 mm 
respectively. 
Analysis of these runs in Table 1 indicates that the 
SMD values are larger, as expected, but the same trend 
of SMD with pip radius is observed as for the previous 
runs, with the smallest SMD being found for the 1.35 
mm case, but with little more than 5% variation between 
the cases. The spray penetrates approximately 3-5% 
further for the 5 drop cases, over the equivalent 4 drop 
cases, because of the increased drop sizes. However, 
the spray distributions are virtually identical, and it is 
not possible to identify any differences in the spray 
volume V, or the fuel vapor concentrations. Thus it 
would appear that the conclusions on optimum pip size 
are not affected by the choice of drop size after impact, 
at least for the limited range of values examined. For the 
future it is certain that the introduction of drop coagu- 
lation would reduce the effect of drop breakup size. This 
submodel tends eventually to produce similar SMDs 
24 
18 OMIN. 0.933E-06 
StlO= 0.509E-05 
12 
6 
0 
0 13 25 38 50 
TIHE. 1.0 msec. NC= 1416 TItlE. 1.0 msec. NO= 1407 
Pip Radius = 0.00 nmt Pip Radius = 0.62 mm 
10 
12 
6 b 
DtlAX= 0.556E-04 
OHIN. 0.312E-06 
SRO. 0.453E-05 
1 
z 
OIYU 
'I 
0 I I 
0 13 25 38 50 0 13 25 38 50 
TItlE. 1.0 msec. NO= 1419 TItlE= 1.0 msec. ND. 1417 
Pip Radius = 0.97 mm Pin RadiiIs = 1 .35 nm 
24 . 
18 
12 
6 
Novel direct-injection diesel combustion system: K. Park et al. 
OMAX. O.SSOE-04 
1 b OtlIN= 0.928E-06 3 2 StlO. 0.458E-05 
0 I’ ! 
0 13 25 38 50 
TIflE. I.0 msec. NO= 1402 
0 13 25 38 50 
TINE= 1.0 tnsec. NO. 1399 
Pip Radius = 1 .75 mm Pip Radius = 3.20 mm 
Fuel Vapour Contour === 1: 0.002 2: 0.005 3: 0.07 4: 0.09 
Figure 4. Fuel vapor distributions at 1.0 ms for lo-mm case 
x I 
Figure 5. Sketch to determine spray volume. 
even when the sprays have been differently atomized.13 
This is confirmed in the next section. 
Comparison of the sprays shown in Figure 3 with an 
uninterrupted spray shows that the penetrations of the 
sprays are greatly reduced by the impaction. This is due 
to loss of momentum and kinetic energy on impact. 
However, taking the 1.8-mm radius pip case as op- 
timum, by 1 ms the spray has penetrated 15 mm across 
the bomb from the pip. In a small diesel designed for 
automotive use the bowl radius is usually around 25-30 
mm. Thus the spray has penetrated halfway across the 
bowl. If another pip were introduced near the bowl 
periphery then the combined sprays would cover the 
bowl by 1 ms after injection. The spray here is, of 
course, remote from the bowl walls, thus maximizing 
the ability to vaporize the fuel and mix with the sur- 
rounding air. This would appear to be possible without 
needing to resort to swirling the air. However, this 
requires further investigation. 
The analysis presented here is of a precombustion or 
ignition delay period, which lasts in diesel engines for 
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Figure 7. Spray volume vs. pip radius, 15-mm case. 
about 1 .O ms or more, depending on engine speed. Once Comparison with experiment 
ignition takes place the increased gas temperatures and To further validate the wall impaction model, in the 
pressures inevitably result in greatly increased fuel circumstances applying here, one of the test cases of 
vaporization rates, so the analysis presented here Naber et al.’ is recalculated. The omega-shaped bowl 
would no longer be valid. However, the effects of pip used by Naber et al. is replaced by a cylindrical bowl 
size and position are quite profound even by 1 .O ms, and having a cylindrical pillar placed on the center line to 
the legacy of those effects must influence the resulting simulate the bowl pip. This pip is wide, with a radius of 
combustion. 4.38 mm. The spray after impact moves out across the 
120 Appl. Math. Modelling, 1993, Vol. 17, March 
Novel direct-injection diesel combustion system: K. Park et al. 
0. 90 
0. 60 
0. 0 0. 6 I. 4 2. 2 3. 2 4. 9 7. 1 
PIP RADIUS (MN) 
Figure 8. SMD vs. pip radius, lo-mm case. 
b---d I 0.3 NS 
_I 0.5 MS 
- I 0.7 MS 
--I l.ONS 
-I 1.2MS 
-I 1.5NS 
0. 90 
b-a I 0.3 NS 
- I 0.5 MS 
_ 0.80 1t--0 I 0.7 MS 
E 
-I 1.0NS 
-I 1.2 MS 
“: 
Y 
y-------y, 1.5ns 
0.70 y 
x 
0. 60 
0. 50 
0. 40 
0. 0 0. 6 I. 4 2. 2 3. 2 4. 9 7. 1 
PIP RADIUS (MN) 
Figure 9. SMD vs. pip radius, 15-mm case. 
Table 1. Sauter mean diameters (pm). 
Pip radius (mm) 
Time (ms) 1.35 1.72 3.20 1.35 1.72 3.20 
0.5 
1.0 
1.5 
4.84 4.90 4.72 6.29 6.30 6.43 
4.35 4.58 4.48 6.04 6.06 6.19 
4.10 4.33 4.35 5.63 5.81 5.94 
da = d,,i4 da = d,/3 
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Figure 10. Spray development, 6.43-mm case. 
bowl space. Hence it is believed that the shape of the 
bowl should not have a very significant effect on the 
spray motion. 
The constant-volume bomb has a diameter of 
67.3 mm and a depth of 21.6 mm. The injector is placed 
6.43 mm above the land on the pip. The gas conditions 
are a pressure of 32.4 bar, a density of 14.9 kg/m3, and a 
temperature of 760 K. The injector has a peak pressure 
of 830 bar, giving an average injection velocity of 267 
m/s through a nozzle of 0.406 mm diameter. 
The temporal variations of the spray distribution are 
shown in Figure 10. The spray moves directly across the 
bomb after impaction on the land. However, there is 
evidence of a large-scale asymmetry in the spray, from 
about 0.8 m onward. This does not occur in the calcula- 
tions of Naber et al.’ It is believed to be caused by the 
interactions of the asymmetric recirculations set up in 
the gas flow by entrainment into the top and bottom of 
the spray. These are illustrated in Eg’igure 11. The zone 
above the spray is longer, because of the absence of the 
pip, but is restricted in width by the cylinder head. 
Hence larger gas phase velocities are generated here 
than in the zone below the spray. The presence of a 
conical-shaped pip in the real engine, such as used by 
Naber et al.* might have some influence here, by re- 
stricting the size of the zone below the spray. No experi- 
mental data are shown by Naber et a1.5 that would 
confirm the presence of the asymmetry. Photographs 
taken of the spray could not show the structure pre- 
dicted here, because they show a line-of-sight average. 
122 Appl. Math. Modelling, 1993, Vol. 17, March 
16 
Data are given for the penetration of the spray with 
time. This is shown in Figure 12. Also included are the 
final set of calculations of Naber et al.’ Clearly the two 
predictions differ markedly in the early stages after 
impaction. This is believed to be because of the wall jet 
assumption in Naber’s model, which underpredicts the 
momentum and energy losses due to impaction. At this 
stage the present predictions agree more closely with 
the experimental data. 
After the initial period the two sets of predictions fall 
on virtually parallel lines. This would be expected as 
both models use the same drag coefficients in free spray 
calculations. The experimental curve, however, is quite 
different, suggesting that the spray decelerates much 
0 
-l 
25 mm 34 
Figure 11. Gas flow at 1.2 ms, 6.43-mm case. 
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Figure 12. Comparison with experiment, penetration rates. 
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more slowly than predicted. This is anomalous because 
the drag model has been used to predict innumerable 
free spray cases and usually predicts the penetration 
curve quite well, e.g., Khaleghi.” 
It was suggested earlier that the secondary breakup 
and coagulation models might have a significant effect 
on the spray predictions after impaction on the pip land. 
This assertion is tested here by repeating the calcula- 
tions for this case, with these submodels activated. The 
results are illustrated in Figure 13, which again shows 
the spray development. Comparison with Figure IO 
shows that the basic spray structure is not fundamen- 
tally altered. The large scale asymmetry still exists. The 
spray seems a little more diffuse, with more droplets 
breaking away from the main body. The SMD of the 
spray is now quite different, even shortly after the first 
impact on the land. By 1.0 ms the SMD is back to the 
initial value at injection (18 pm). The spray also pene- 
trates slightly further because of the presence of larger 
drops that decelerate more slowly than smaller ones. 
This is illustrated in Figure 12. The penetration curve 
moves toward the experimental one, but still the decel- 
eration of the spray is generally too fast. The breakup 
and coagulation submodels were also activated in the 
work of Naber et al.’ 
~&%b+.& h OilAX= 0.660E-04 DtlIN= 0.906E-06 SMD= O.l72E-04 
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Figure 13. Spray development, 6.43-mm case, breakup and coagulation models activated. 
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Conclusions References 
A novel direct-injection diesel combustion system has 
been briefly outlined that appears to hold some promise 
for improved distribution of the fuel, and subsequent 
vaporization and mixing with air. This may be possible 
without needing swirl, or at least the swirl level may be 
reduced substantially below that required in conven- 
tional diesel combustion systems. Substantial effi- 
ciency gains would result. 
An analysis of the size of land upon which the spray is 
impacted has led to the results that the pip radius should 
be about 1.4- 1.8 mm, and that the pip land should be 
placed at most 10 mm from the injector. A limited 
analysis of the effects of choosing different drop sizes 
after impaction shows that there are effects on the SMD 
of the spray, but that the conclusions concerning the 
optimum pip size are not affected. However, more 
extensive investigations are required on the effects of 
drop sizes after impaction, and of coagulation, on the 
optimum pip size. 
Comparisons have been made with experimental 
data of spray penetration for one case of spray impac- 
tion on land near the injector. The results have also been 
compared to earlier predictions. The present model 
appears to predict the loss of momentum and energy in 
the spray at impaction better than the model of Naber et 
al.’ However subsequent deceleration of the spray ap- 
pears to be too fast, although this contradicts earlier 
estimates of the model based on free sprays. 
The effects of including secondary breakup and co- 
agulation models have been quantified. These are that 
the spray is more diffuse, that the average drop size 
quickly increases back to values greater than the injec- 
tion conditions, and that the penetration rate is subse- 
quently increased. The shape of pip used here would not 
be acceptable because of mechanical failure. Thus the 
effects of tapering the pip, as used in conventional 
systems, need to be investigated. Three-dimensional 
calculations are required in order to combine a number 
of pips to see whether the bowl can be adequately filled 
with fuel vapor. Finally swirl may be added to assess the 
necessity for it. 
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